Northern Michigan University

NMU Commons
All NMU Master's Theses

Student Works

2009

THE EFFECTS OF FALL VERSUS SPRING FIRES ON HERBACEOUS
PLANTS IN NORTHERN HARDWOOD FORESTS
Zeko McKenzie
Northern Michigan University

Follow this and additional works at: https://commons.nmu.edu/theses

Recommended Citation
McKenzie, Zeko, "THE EFFECTS OF FALL VERSUS SPRING FIRES ON HERBACEOUS PLANTS IN
NORTHERN HARDWOOD FORESTS" (2009). All NMU Master's Theses. 454.
https://commons.nmu.edu/theses/454

This Open Access is brought to you for free and open access by the Student Works at NMU Commons. It has been
accepted for inclusion in All NMU Master's Theses by an authorized administrator of NMU Commons. For more
information, please contact kmcdonou@nmu.edu,bsarjean@nmu.edu.

THE EFFECTS OF FALL VERSUS SPRING FIRES ON HERBACEOUS PLANTS IN
NORTHERN HARDWOOD FORESTS
By
Zeko McKenzie

THESIS
Submitted to
Northern Michigan University
In partial fulfillment of the requirements
For the degree of
MASTER OF SCIENCE
Graduate Studies Office
2009

SIGNATURE APPROVAL FORM

This thesis by Zeko McKenzie is recommended for approval by the student’s thesis
Committee and Department Head in the Department of Biology and by the Dean of
Graduate Studies.

________________________________________________________________________
Committee Chair: Dr. Rebertus
Date

________________________________________________________________________
First Reader: Dr. Becker
Date

________________________________________________________________________
Second Reader: Dr. Bruggink
Date

________________________________________________________________________
Third Reader: Dr. Lindsay
Date

________________________________________________________________________
Department Head: Dr. Brown
Date

________________________________________________________________________
Dean of Graduate Studies: Dr. Prosen
Date

OLSON LIBRARY
NORTHERN MICHIGAN UNIVERSITY

THESIS DATA FORM

In order to catalog your thesis properly and enter a record in the OCLC international
bibliographic data base, Olson Library must have the following requested information to
distinguish you from others with the same or similar names and to provide appropriate
subject access for other researchers.

NAME: __McKenzie________________Zeko__________________________________
(Last)
(First)
(Middle-no initials)
DATE OF BIRTH: _November__________________21st________________1979_____
(Month)
(Day)
(Year)

ABSTRACT
THE EFFECTS OF FALL VERSUS SPRING FIRES ON HERBACEOUS PLANTS IN
A NORTHERN HARDWOOD FOREST
By
Zeko McKenzie
This study focuses on the fire response of four herbaceous species suspected of
being “fire sensitive.” Micro-scale experimental burns were used to reassess the results
of two previous fire studies in the Upper Peninsula. Thirty-six plots (4-25 m2), nine for
each species, were established in sugar maple stands near Big Bay, MI. For each target
species, three separate populations were chosen and assigned the following treatments:
spring burn, fall burn, and unburned control. Several non-target species that occurred in
plots were also monitored. Three of the four target species had significant (ANOVA, P ≤
0.05) mortality from spring and fall burns. The highest mortality (90-100%) was for two
clubmosses, Lycopodium clavatum and Huperzia lucidula, which both lack rhizomes.
Coptis trifolia had 40% fewer leaves post-fire, but ramet mortality and the addition of
new ramets did not differ significantly among burn treatments and control. In contrast to
the above species, Trientalis borealis, Gymnocarpium dryopteris, Dryopteris
carthusiana, and Streptopus roseus ramets all increased following burns. The results for
T. borealis were unexpected given that its stolons are in the leaf litter, but the others have
deep rhizomes. The positive response to fire probably resulted from the removal of leaf
litter that otherwise smothers emerging ramets. No significant differences in plant
mortality were detected for spring vs. fall fires in this study, but seasonal responses to fire
may be species specific and highly variable depending on the exact timing of fires.
Key words: clonal plants, disturbance, ramets, rhizome, seasons of burn, mortality.
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INTRODUCTION
Disturbances by fire and wind are a natural part of the Great Lakes northern
mixed hardwood forests, and many herbaceous plants depend on these disturbances for
their persistence (Frelich and Lorimer 1991). Maple, birch, and aspen dominate the Great
Lakes northern mixed hardwood forests, but in the central and western Upper Peninsula
of Michigan and northern Wisconsin northern hardwoods transition to more mesophytic,
Acer saccharum (sugar maple) dominated forest under the influence of Lake Superior
(Albert 1994).
The return interval for stand-initiating fires in this type of forest ecosystem is
thought to be 500-1000+ years (e.g. Huron Mountains, 550 yrs; Porcupine Mountains,
900 yrs; Sylvania Tract, 1700 yrs) (Frelich and Lorimer 1991). The fire regime in these
forests is not as well known as those in the pine (Pinus)-dominated forests, where fire
scars provide a long-term record of fire occurrence. Practically nothing is known about
the frequency of surface fires in the northern hardwood forests and whether they
historically occurred without an accompanying crown fire. Furthermore, there are
surprisingly few studies on plant response to fire in the Great Lakes Region and no
studies in the more mesophytic, sugar maple dominated type.
Fires in the Great Lakes forests occur in two distinct peaks (Cardille and Ventura
2001). The first peak of fire occurrence is in early spring (e.g. late April-early May in the
Upper Peninsula) in a narrow window between snowmelt and the resprouting of
understory vegetation. A second, smaller peak occurs in October after leaf-drop and
senescence of ground vegetation. Despite this seasonality of fires in the Great Lakes, the
literature is silent on seasonal effects of fire in the region. Primarily, this study focuses
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on seasonal fire effects (fall vs. spring) and post-fire response of four selected “firesensitive” herbs following “micro-scale” prescribed fire disturbance (surface fire) in a
second-growth sugar maple-mixed hardwood stand. Four other, less abundant species
were also monitored for fire effects whenever they occurred in the experimental plots.
Most herbaceous plants in the Great Lakes forests have evolved special adaptive
traits to survive fires, other disturbances, and stress (e.g., herbivory) by regenerating from
dormant buds on underground organs (e.g., rhizomes, bulbs, corms). These dormant buds
contain high carbohydrate reserves that are stimulated and released by hormones released
in the plant apices (Bell et al. 1996, Matlack 1997, Wang et al. 2004, Olano et al. 2005).
These subterranean plant organs contribute to vigorous resprouting following
disturbances (e.g., forest fires) (Flinn and Wein 1977). Another advantage of having high
carbohydrate reserves stored in underground organs is to allow transfer of resources from
healthy, well-established plants (i.e., mother ramets) to interconnected progeny and buds
(daughter and granddaughter ramets) within the same clone (Matlack 1997, Zhang et al.
2002). Thus, reproduction proceeds rapidly following frequent fires (Bell et al. 1996).
Perennials that regenerate from underground organs are not always protected from
fire: some are fire-sensitive because their dormant or newly emerging buds are located
near the soil surface (Flinn and Wein 1977). During fires, reported soil temperatures near
the surface range from ambient to more than 1000ºC (Huddle 1995). Temperature
elevation and persistence depend on the heat capacity of the soil, which is most
influenced by moisture levels and depth (Rosenberg et al. 1983). For example, during a
burn in coniferous forest Ahlgren (1979) reported temperatures of 545-1005ºC at the
surface, but only 50ºC at a depth of 4 cm. Moist soils take longer to heat and are
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therefore buffered from heat penetration, provided the fire is fast moving; slower-moving
fires (e.g. backfires), however, allow heating of moist soils that then retain heat longer.
Short-term lethal temperature limits for plant tissues range from 35ºC for species of
tundra grasses to 61ºC for some tropical species (Kappen 1981). Underground organs are
often ensheathed with dead tissues, such as phellem (cork) or the persistent, highly
lignified leaf remnants (e.g., a bulb), that insulate live tissues from heat stress. However,
emerging buds lack these outer protective layers and may be particularly susceptible to
fire during certain times of the year. Even after the soil has cooled down following a fire,
soil temperatures may remain elevated from changes in plant cover and albedo.
Subsequent evaporation of water may lead to additional stress and plant mortality
(Wellington 1984, Quesada et al. 2004).
The success or failure of the existing plant communities to survive fires and
rapidly regenerate has profound effects on soil erosion, nutrient cycling, and succession
(Marks 1974). Low intensity surface fires may have little impact on plant communities
(Owens et al. 2002). More severe fires may consume soil organic matter and effectively
“sterilize” the A-horizon (Rhoades et al. 2005, VanDeMark 2005). Barren areas are then
colonized by classic pioneer species that arrive via long-distant seed transport or from
buried seed washed into the barren patches from adjacent, less affected areas (Owens et
al. 2002, VanDeMark 2005).
The season of burn usually has a tremendous influence on the survival and
reproduction of plants (Flinn and Wein 1987, Johnson 1992, Main and Barry 2002).
Some of these seasonal fire effects are related to soil moisture and fire intensity, while
others are related to whether the plant is dormant or growing, the physiological state of
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the plant (e.g. carbohydrate reserves in underground storage organs), and the state of bud
development (Berendse 1983, Flinn and Wein 1987, Gaston 1999, Gustafsson and Ehrlen
2003). Most importantly, plant responses vary depending on whether the fire occurs
during (1) the pre-growing dormant period, (2) active growing season, or (3) postgrowing dormant seasons.
Fall fires (post-growing season) are often associated with lower soil and fuel
moisture levels, and thus fire intensity may be greater than in spring fires (Drewa et al.
2002, Thies et al. 2005). Likewise, Quesada et al. (2004) found that plant mortality was
strongly related to seasonal differences in fire intensity because of soil moisture levels.
Growing-season fires are often associated with higher mortality because
carbohydrate reserves are usually at their lowest, at least early in the season, and growing
buds tips are fully exposed (Brewer and Platt 1994, Owens et al. 1977, Thies et al. 2005).
Stored resources are used to produce leaves, and if a burn occurs before carbohydrate
reserves are replenished, then mortality may occur (Flinn and Wein 1987).
Dormant season fires also may be favorable because they replenish nutrients in
the soil preceding the full growing season, allowing plants to extend their roots laterally
to explore the soil surface for additional water and nutrient uptake (Ohmann and Grigal
1981, Guerrero et al. 2006).
Most studies on the effects of fire on plants are done after-the-fact, and rarely are
pre-fire data available. Instead, these studies are frequently pseudo-replicated and rely on
comparisons of burned and unburned areas with no replication, no controls, and the
results are usually highly circumstantial (VanMantgem et al. 2001). For example, after
the Tower Lake Fire near Republic, Michigan, Pratt (2003) identified many herbaceous
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plants that were susceptible to fire, but her conclusions were based on comparisons
between burned and nearby unburned patches. However, with no before-and-after data, it
was impossible to tell whether differences between burned and unburned were from fire
mortality or simply from pre-existing site differences. Although experimentation at
scales mimicking natural wildfires is obviously unlikely, replicated controlled burns can
be conducted on a smaller scale to supplement and confirm observations from natural
fires.
Most fire studies in the Great Lakes Region have focused more on plant
communities that are prone to fire, especially in pinelands (e.g. Ahlgren 1979), mixed
coniferous-northern hardwoods (Ohman and Grigal 1981), Quercus spp.(oak) savannas
and grasslands (Peterson et al. 2007). The focus of this study is mesic Acer saccharum
(sugar maple)-dominated forest, where fires are much less frequent (Frelich and Lorimer
1991). However, when fires do occur in sugar maple forests, they may have greater
impact on the ground flora because the plants are less adapted to fire.
The intent of this project was to identify fire-sensitive herbs based on the results
from two previous studies of wildfires in the Upper Peninsula of Michigan: the May 1999
Tower Lake fire (Pratt 2003), and the Porcupine Mountains fire in October 2000
(VanDeMark 2005). The results of these two studies were contradictory; for example,
Pratt (2003) found very high mortality for Panax trifolia, whereas VanDeMark (2005)
found that P. trifolia was common in burned areas. My study would experimentally test
(in a before-and-after sampling) the fire-sensitive hypotheses in Flinn and Wein 1977 to
determine whether species identified as fire-sensitive in previous studies were indeed
sensitive to fire, and to quantify plant mortality directly using marked plants. Several
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other species (non-target species) with deeper rhizomes were also monitored for fire
effects whenever they occurred with fire-sensitive herbs (target species) in study plots.
Very few fire studies have combined an experimental approach with observational
studies of natural wildfires to examine seasonal fire response (mean percent change and
mean percent mortality) of “fire-sensitive” herbs (Table 1). This study is the first to use
experimental micro-scale surface fires to mimic natural forest fire in the Great Lakes
northern mixed hardwood forest and to compare the response mechanisms of these herbs
in fall and spring burns. I hypothesized that spring fires are more detrimental to forest
herbs than fall fires, because the burns affect the plants during the emergence of their
underground buds. In addition, I hypothesized that herbs with shallowest vegetative
reproductive tissue will have the highest mortality in both fall and spring fires.
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STUDY AREA
This study was conducted on private land near Big Bay, MI in 60-80 year-old
Acer saccharum (sugar maple) dominated forest (46º 50´9.45N and -87º 45´5.44W). Big
Bay is located near Lake Superior, within Powell Township in Marquette County, MI,
and is part of the Michigamme Highland subsection (Albert 1994). The Michigamme
Highlands are located on Precambrian granitic and sandstone bedrock knobs. The terrain
is highly variable, but near my study area, the elevation ranges from 223-237 m a.s.l.
(above sea level). Soils are classified as Spodosols, primarily Orthods. The climate is
continental with extreme snowfall (average 360 cm) along Lake Superior and cold
winters (average minimum -28ºC). The growing season along Lake Superior coast is 150
days. Average annual precipitation is 81 cm (Albert 1994). GPS coordinates of
individual plots and site characteristics are given in Appendix A and B.
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METHODS
Overview
This study was conducted using small, replicated prescribed burns and controls to
examine the response of the following herbaceous plants: Coptis trifolia (L.) Salisb
(goldthread), Lycopodium clavatum L. (running clubmoss), Huperzia lucidula (Michx)
Trevisan (shining clubmoss), and Trientalis borealis Raf (starflower). All of these plants
were suspected to be fire-sensitive to different degrees, mainly related to their shallow
tubers, rhizomes, or runners. Plots containing adequate numbers of multiple species were
rare, so I decided to target fires for each species separately in subjectively chosen, wellpopulated areas. For each species, treatments included spring (May 08) fires, fall
(October 07) fires, and no treatment (controls), replicated 3 times, for a total of 36 plots
(4 species x 3 treatments x 3 replicates). The timing of the burns was structured to
coincide with the May 1999 Tower Lake and October 2000 Porcupine Mountains fires.
Pre- and post-fire censuses, conducted from mid-spring to summer 2007 and 2008
(following snowmelt), were used to assess plant survival to fire in general, species
response to seasonal burns, and new ramet establishment. Besides the above, several
other plant species (Dryopteris carthusiana (Vill.) H.P. Fuchs (spiny shield fern),
Polygonatum pubescens (Willd.) Pursh (Solomon seal), Streptopus roseus var. roseus
Michx (rosy twisted stalk), Gymnocarpium dryopteris (L.) Newman (oak fern)) were
monitored when they occurred in the plots with my target species (Table 1). These
species were monitored because they were abundant in my study plots and had deeper
rhizomes than target species. However, the effects of fire on non-target species were not
analyzed statistically, because they did not occur in enough of my study plots for an
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ANOVA analysis. However, they provided preliminary results useful for comparison of
species with shallow versus deep perennating organs.
Experimental Design
I used a randomized block ANOVA design for this study (Figure 1). The
dependent variable was plant response, especially % change in population post-fire and
% mortality, but I also collected data on post-fire regeneration (e.g. number of initial
leaves/ramets re-emerging from buds (node) of C. trifolia) (see Table 4). The
independent variable was burn treatment (fall and spring), and the controls (unburned).
Separate experiments were conducted for each of the target species (Table 1). For each
species, I chose three separate populations (loosely defined as an isolated cluster of
plants) in the same general area where the overstory composition, soils, and topography
were relatively homogeneous (Appendix A). Each population was considered a “block”
in the experiment to control for site variation. In each population or block, 3 plots were
established and each burn treatment (fall and spring burn) and the control were randomly
assigned. Thus, each species had 9 plots, 3 in each block.
Field Procedures
Plots were sized according to the plant density and growing habits of each
species. Smaller plots (2- by 2-m) were used for the densely growing Coptis trifolia.
Sparser plants or those that formed sprawling clones required larger plots (4- by 4-m for
T. borealis and H. lucidula, 5- by 5-m for L. clavatum). Rebar posts were pounded into
the corners of each plot and UTM coordinates were recorded with a GPS (Garmin GPS
12, GARMIN International Inc., Kansas) (Appendix B).
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Instead of marking individual plants, I used very detailed mapping to census
plants pre and post-fire. The plot was delimited by a quadrat constructed of 2.54-cm
diameter PVC piping. The quadrat was anchored by drilling holes in the corner elbows
that fit snuggly over the rebar posts. This insured that the quadrat was located in the
same position when the plot was re-censused. For mapping purposes, a grid was created
using string wrapped around metal screws placed at 0.25-m intervals along the PVC
piping (Figure 2).
Each species had its own unique growth habits requiring different approaches for
mapping (Figure 3). Although clubmosses form sprawling clones, the extent of genetic
individuals (genets) of H. lucidula was usually easily identified and delimited because it
is evergreen and has distinctive architecture (e.g. H. lucidula forms “donut shape clones”)
(Figure 3-b). The clubmosses were mapped as patches and re-censused to determine
survival of the whole clone or damage to parts. To determine the precise length of clones
for Lycopodium clavatum, additional analyses were performed in ArcMap (version 9.3,
ESRI Inc., California) to digitize and calculate clone “additive length” (length of rhizome
+ ramets branching off rhizome), before statistically analyzing the data in SPSS.
Independent shapefiles (polylines) were created in ArcMap and clone lengths (cm) were
digitized for each L. clavatum datum by using the mapping datasheet as a template
(Appendix C).
T. borealis and C. trifolia were more challenging because of the difficulty of
identifying clones without excavation. T. borealis sends out one or two runners during
the summer (Figure 3-c). Each runner terminates in a small tuber, which will become a
new plant next year. The only feasible method to assess changes due to fire was to
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compare the total number of aerial ramets before and after the fire. Plots were mapped in
case any unusual patterns were generated by the treatments. Coptis trifolia is clonal and
semi-evergreen: the rhizome is divided into evenly spaced nodes that produce 1-6 leaves
(Figure 3-d). Generally, the leaves last 2 years, but new ones are also produced each
year. The cluster of leaves arising from each node is the equivalent of a ramet, but in this
thesis, I will generally use the term “node.” Determining the extent of a genetic
individual in this plant was too difficult without excavation, so the number of leaves per
node within each 0.25 by 0.25-m cell were counted pre- and post fire as a measure of
plant response. The locations of all ramets were mapped and digital images were taken to
aid in comparisons for the number of leaves per node pre-and post-fire. Plants were recensused the growing season after the fire (2-8 months).
All plots were trenched to a depth of at least 10 cm along their perimeter 6-8
months prior to burning to ensure that no clones extending outside the plots would
influence the results. In the case of clones extending outside the plots, I wanted to make
sure that portions burned inside the plot were not “rescued” by unburned portions outside
the plot. Likewise, I wanted to prevent clones outside the plot from extending inside the
plots after they were burned.
For both target and non-target species, I used a 15-cm ruler to measure the depth
of rhizomes beneath the litter layer. For clubmoss species lacking rhizomes, I measured
the depth of the root crown. Although Flinn and Wein (1977) documented the rhizome
and rooting depths of many of these species in New Brunswick, I wanted to get a full set
of measurements for my study area that better reflected local soil and litter
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characteristics. Measurements were taken from neighboring populations outside study
plots by carefully excavating the soil until the perennating organ was exposed.
Besides mapping the plants in each plot, I also recorded the pre-fire soil moisture
and percent canopy cover for each plot. Soil moisture was measured as volume water
content (VWC%) at 2-4 cm beneath the surface at 10 randomly located points within
each plot using a hydrometer (HydrosenseTM Moisture Meter, serial # 001529, Campbell
Scientific Australia Pty. Ltd.). Hemispherical (fisheye) photographs were taken of the
canopy using a Nikon Coolpix 990 digital camera equipped with a Nikon Fisheye
Converter (FC-E8) lens. Canopy cover (%) and solar radiation (%) indices were
determined from the image analysis software- Gap Light Analyzer (GLA) Version 2.0
(Frazer et al. 2001, Hardy et al. 2004) following the methods described in Frazer et al.
(2001).
Experimental Burns
DNR burning permits (numbers 2007-064-095, 2007-064-566, 2008-8019212 )
were issued only when the risk of fire was quite low. To insure that fuels were dry
enough to burn, however, I erected mylar plastic over treatment plots (both for fall and
spring burns) 7-10 days prior to the fire to artificially dry fuels and insure even burns
(Figure 4). A 1.5-2 m wide buffer zone around the plot was raked clean of leaves and
other debris (Figure 5). All coarse and fine woody debris down to a diameter of c. 1.5 cm
was removed from the plots as a safety precaution. The fire was initiated as a head fire in
a 0.5 m-wide strip adjacent to one edge of the plot. This strip was fuel “enhanced” with a
5 to 10-cm deep layer of additional dry leaves during fall and spring burn to insure the
fire was burning well as it entered the sampling area. About 70 cm of snow fell in April
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2008 and snow cover persisted until the end of the month. This greatly compressed the
leaf litter and made it difficult to burn in May, so I added a thin layer of dried leaves to
the plots as needed to insure the fire burned across the plots.
Fire duration was timed with a stopwatch up until 90% of the plot had burned.
Fire intensity was measured as char height on 3 wooden stakes (~70 cm tall) equally
spaced within the plot. Autoclave tape, which turns black at 121ºC, was placed on both
sides of the stake and the height of the color change was recorded and averaged for each
stake (Figure 6).
Burns were conducted on 29-Oct 2007, 10-May 2008, and 14-May 2008. The
burning schedule in May was interrupted due to conditions that exceeded the limits of the
burn permit. Meteorological conditions and other characteristics of the burns are
presented in Table 2 and Appendix A. Mean soil moisture was higher (Paired t-test,
t=4.470, df=11, p=0.01) during spring burns than during fall burns, but the actual
differences were small (9.4 vs. 8.3%). Seasonal differences in flame velocity, average
flame height, and average char grade were, in general, relatively negligible (Table 3).
Statistical Analysis
Data were analyzed with SPSS version 16 (SPSS Inc., Chicago) using the General
Linear Model Univariate module and a randomized block design. Each species was
analyzed with a separate ANOVA. The dependent variables were transformed to
improve normality and homogeneity of variances (Table 4). Percent mortality (used for
Lycopodium clones and C. trifolia node mortality) was transformed using the arc-sine
square root transformation. Percent change in the number of ramets (T. borealis), change
in the number of leaves (C. trifolia), and new ramet increase (C. trifolia) were
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transformed using the log transformation, because the data are constrained at the lower
end (values cannot go below -100%), but are not constrained at the upper end (values can
exceed +100%). The independent variable, burn treatment, was a fixed effect and the
blocking variable (population) was a random effect. If the overall ANOVA was
significant, post hoc comparisons between treatment means were examined with
Dunnett’s test (control vs each burn treatment) and Tukey’s test (all pairwise). The alpha
level for a significant test was set at 0.05.
Coptis trifolia was mapped with enough detail to identify each node and the
number of leaves per node (Figure 3-d); this provided an opportunity to model “normal”
(year-to-year) changes in leaf production in the controls and compare this to leaf
production after fires. I used binary logistic regression to model change in leaf number (1
= increase in leaf number, 0 = no increase) as a function of the initial (2007, pre-fire)
number of leaves per node. Treatment type (fall burn, spring burn, control) was also
included in the model as a categorical independent variable to see whether patterns of leaf
production differed among treatments.
Controlling for confounding factors
Several covariates were initially included in the ANOVA design in attempt to
control for confounding factors, such as fire intensity (char height, flame height, charred
grade), soil moisture (volume water content-VWC%), and burn time (s) (fire duration).
However, the ANOVA lacked enough replicates to test these variables as covariates.
Therefore, I used a paired t-tests to see whether there were seasonal differences in fire
intensity, soil moisture, and burn time. Spearman rank correlation was also used to
examine the strength of association between plant mortality measures and fire intensity.
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RESULTS
Lycopodium clavatum
L. clavatum was very sensitive to fire in both the fall and spring. Mean clone
mortality in the fall was 100% and in the spring, 93.3% (95% confidence interval (CI) =
64.6-122.0). There was also high mortality of clones in control plots (mean = 43.0%,
95% CI = -12.6-98.6), but the difference among treatments was significant (F = 128.029;
df =2,4; P = 0.001) (Table 5 and Figure 7). A significant difference was also observed
between the control and burned groups for % total clone length killed/plot (F = 25.000; df
= 2,4; P = 0.005) (Table 5). Total clone length killed/plot was 73.4% (95% CI = 52.993.9) in the controls, 100% and 99.8% (CI = 99.0-100.6) in fall and spring plots,
respectively (Table 5 and Figure 7). For both dependent variables, there were no
differences in mortality between fall and spring burns based on post hoc tests (Table 5).
Only a single plant survived the burn, and the results based on percent of clone length
burned were similar (Figures 7 and 8). No evidence of resprouting was observed for this
species.
The high mortality for L. clavatum in the control plots (Figure 9) was the result of
a severe drought beginning in late July, 2007 and lasting through early September 2007.
Prior to the experimental burns in October 2007, individual plants were rechecked to
determine partial dieback of clones due to the drought and the number of clones
completely killed. However, there was no significant difference among treatment groups
for both clone mortality (F = 0.519; df = 2,4; P = 0.63) and percent dieback of total clone
length/plot (F = 2.666; df = 2,4; P = 0.184) (Figure 9). Therefore, drought affected all
plots similarly prior to treatment application.
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Huperzia lucidula
The results for Huperzia lucidula were very similar to those for L. clavatum:
mortality was > 95% for both burn treatments. Mean percent clone mortality differed
among treatment groups (F = 44.85; df = 2,4; P = 0.002) (Table 5 and Figure 8) with
18.6% (95% CI = -3.3-40.5) of clones killed in the controls, 96.9% (95% CI = 83.4110.4) in spring, and 98.3% (95% CI = 94.6-102.0) in fall burns, but there was no
significant difference between fall and spring burns (Table 5). The 18.6% mortality in
the control was probably the result of drought. Most of the plants that died in the control
plots were very small clones that looked dried and withered in summer, 2008.
Even though clone mortality was very high in both burned plots, I observed many
new plants establishing from bulbils in all plots (Table 6). Bulbils are tiny plantlets
launched from catapult-like structures located in the upper, current-year’s leaves of the
more robust ramets of mature H. lucidula plants (Figure 10). Currently, not much is
known about bulbil ecology, but they can be ejected >2 m away from the parent plant and
are mostly dispersed in the late summer and fall (Dr. Alan Rebertus, Northern Michigan
University, personal communication, June 2009). The treatment with the highest bulbil
densities was the control, followed in order by fall and spring burns (Table 6).
Coptis trifolia
The number of leaves of C. trifolia declined by a mean of 35% (95% CI = 9.660.4) and 37% (95% CI = 15.2-58.8) for spring and fall burns, respectively (Figures 8
and 11), but leaf number increased slightly in the control by 7.4% (95% CI = 31.6-46.4).
In the ANOVA model, the mean number of leaves differed among treatment groups (F =
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9.410; df = 2,4; P = 0.031), but there was no difference between spring and fall burns
(Table 5).
According to the logistic regression (binary) model for plants in the control, nodes
with 1-2 leaves had a high probability (76%) of increasing leaf number the following
year, but nodes with 3 or more leaves usually declined in leaf number the following year
(Table 7 and Figure 12). The model equation for predicting the probability that initial
leaf numbers increase the next growing season is:

where Z = 0.656-0.739 (initial leaf) + 1.249 (treatment). Treatment is a dummy variable:
0 = the control and 1 = burned. The probability of leaf increase was inversely related to
the number of initial leaves (Table 8).
In addition, the logistic regression model indicated that there was a significant
difference in the generation of new leaves between the control and burn treatments (Table
8 and Figure 12). Nodes were far more likely to have fewer leaves/ramet post-fire
regardless of their pre-fire leaf number.
In control plots, when the initial leaf/node was one, leaf number usually increased
by one, but remained constant when the initial number of leaves was two. If the initial
leaf number was >3 leaves/node the leaf numbers decreased by 35-50%. By contrast, the
number of leaves in burned plots decreased roughly by 60-80% when the initial leaf
number/node was >3 (Table 7).
To understand the effects of fire on Coptis trifolia, it helps to consider the normal
clonal growth and leaf regeneration of this species. Approximately, every 1-2 cm along
the rhizome a node forms, generating roots below, and a cluster of leaves above. This
17

unit of leaves and roots is called a “ramet”. C. trifolia is semi-evergreen, with leaves
lasting at least two years, but new leaves may be added each year.
Although fire caused a decline in leaf number for C. trifolia, other measures of
plant response (ramet numbers) showed no significant change. There was no significant
difference in ramet (node) mortality between the control and burn treatments (F = 5.153;
df = 2,4; P = 0.078). The low p-value, however, is suggestive and perhaps with more
replicates the results would be more conclusive. It is noteworthy that higher mortality
was recorded in the fall (46%, 95% CI = 28.8-62.4) and spring (43%, 95% CI = 25.759.9) burns than in the control (24%, 95% CI = -5.4-53.4).
All three treatments had roughly a 13-19% increase from the addition of new
nodes (Figure 12). The number of new ramets (nodes) added did not differ among
treatments (F = 2.373; df = 2,4; P = 0.209). Even with the addition of new nodes,
however, there was a slight decline in total nodes (~20%), because of the mortality of
existing nodes (see above). These variables were computed as percent change over the
initial, pre-fire number of ramets.
Trientalis borealis
The number of ramets increased substantially in both burn treatments and controls
but was highest in the fall plots (97.4%, 95% CI = -39.9-234.7), followed by the control
(72.9%, 95% CI = 11.0-134.8), and spring (23.7%, 95% CI = -63.4-110.8). However, the
difference among treatment groups of Trientalis borealis was not significant (F = 2.189;
df = 2,4; P = 0.228) (Table 5).
Due to burning restrictions, burns were postponed until mid May, when T.
borealis ramets were already starting to emerge. As a result, the fire directly killed many
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ramets. However, direct fire mortality did not seem to reduce ramet numbers in burn
treatments, because more plants continued emerging in the next two weeks, eventually
exceeding pre-burn densities (Figure 8). Thus, the timing of spring fire may explain why
T. borealis ramet numbers did not increase by much in this treatment (23.7%) compared
to the control (72.9%) (Figure 8).
Although the overall ANOVA was not significant, the power of this test was
relatively low due to only 3 replicates. It is possible that T. borealis does show a
different response to fire depending on the season.
Non-target species
The non-target species were mapped and recorded whenever they were
encountered in plots with the target species. Their occurrence was too variable to
compute meaningful mortality rates on a plot-by-plot basis, so I pooled all the data and
simply compared the percent change in ramets of the control vs. fall and spring burns
combined. Gymnocarpium dryopteris, Streptopus roseus, and Dryopteris carthusiana all
responded well in treatment plots when compared to the control plots (Figure 13). The
strongest response was by G. dryopteris, which had a 463% increase in ramets in burned
plots. Increased ramet production also occurred in controls, but to a lesser degree. All
three of these species have relatively deep perennating organs compared to the target
species (Table 1).
In contrast to the other three species, Pologynatum pubescens did not respond as
well to fire. The number of P. pubescens ramets decreased by 24.3%, compared to a
16.3% increase in the unburned plots (Figure 13). This species had the shallowest
rhizome (0.40 ± SD 0.36 cm) of the non-target species.
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Correlations between fire effects and measures of fire intensities
Species responses to fire (% change, % mortality) were tested to see if there was
any association with measures of fire intensity (flame velocity, char height, flame height,
and charred grade). Even with the data pooled for spring and fall fires, the sample sizes
were too small (n = 6) to detect any conclusive patterns (Table 9). The only significant
correlation was for char height and change in ramets for Trientalis borealis with a
positive correlation indicating higher survival correlated with greater flame height. A
similar, but non-significant, pattern was observed for Huperzia lucidula.
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DISCUSSION
Hypothesis 1—Fire Sensitivity of Herbs with Exposed or Shallowly Buried Perennating
Organs
In support of my first hypothesis, three of the four target species in this study
were fire-sensitive and had higher mortality in burn treatments than in the controls.
These species included C. trifolia (mean rhizome depth = 0.722 ± SD 0.42 cm), H.
lucidula (mean rooting depth = 0 cm), and L. clavatum (mean rooting depth = 0 cm). All
three species had partially covered or exposed apical buds at or very near the soil surface,
where fire temperatures likely exceeded the typical, short-term, lethal range of 50-60oC
that can kill protein tissues in most plants (Kappen 1981, Flinn and Pringle 1983). Flinn
and Wein (1977) and Drewa et al. 2002 have documented results for species with similar
growth habits (e.g. Lycopodium annotinum, Linnaea borealis, Hypericum spp.).
Although rhizome depth strongly influences the survival of understory herbs and shrubs,
no critical threshold depth for survival has been identified, because so much depends on
fire intensity and soil moisture levels. Flinn and Wein (1987) studied rhizome depth and
fire tolerance in mixed coniferous-hardwood forests in New Brunswick forests that had
many of the same species found in my study area. In general, they found that species
with rhizomes >6 cm deep (e.g. Vaccinium angustifolium, Cornus canadensis, Pteridium
aquilinum) survived with no permanent injury to the plant tissue, and rapidly became the
dominant understory species following fire, because of their ability to resprout. Pratt
(2003) identified C. trifolia and L. clavatum as “fire-sensitive species” based on post-fire
comparisons of burned and unburned areas following a 1999 wildfire near my study area;
my results experimentally support her conclusions. However, T. borealis was not fire-

21

sensitive, contrary to my prediction and the results of Pratt (2003). Flinn and Wein
(1987) also predicted that T. borealis would be fire sensitive because its stolons are
located in the litter layer.
Three of the non-target species (Gymnocarpium dryopteris, Streptopus roseus,
and Dryopteris carthusiana) had deeper rhizomes and, as expected, they had no evidence
of fire mortality; in fact, all three increased more in burn plots than the control.
Polygonatum pubescens (a non-target species), decreased slightly in burn plots but its
rhizome depth was <1 cm. Thus, the non-target species also support the idea that
rhizome and rooting depth are critical to the survival of herbaceous plants during fire.
Of the three fire-sensitive herbs, the two clubmosses were most strongly affected
by fire. Lycopodium clavatum was the most sensitive plant studied, with nearly 100%
mortality and no evidence of resprouting. The lack of underground rhizomes and its
creeping habit, with apical buds only a few cm aboveground, make this species
hypersensitive to fire. Furthermore, the roots are not deeply buried, and their crowns are
often exposed in the leaf litter. Studies have shown that other fire sensitive plants (e.g.
Fragaria chiloensis and Lycopodium flabelliforme) with similar runner habits do not
survive well in disturbed areas (Alpert and Mooney 1986, Lau and Young 1988).
L. clavatum roots grow along its main stem, so it was expected that some
segments of the clone might survive and allow for re-growth. Unfortunately, only a
single L. clavatum survived any of the fires, and this plant was dead when rechecked 2
years post-fire. Likewise, Pratt (2003) did not find any surviving L. clavatum within
burned areas of her study area, although they did survive in embedded unburned patches
and sometimes were seen growing right up to the edges, where the clones were cut off by
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the fire. Vegetative stems that do survive fire might play an important role in post-fire
regeneration for L. clavatum in fire-disturbed areas.
It is likely that L. clavatum’s shallow rooting habits made it vulnerable to drought
mortality as well as fire. Drought mortality was extremely variable from plot to plot, but
was as high as 21% and had killed up to 43% of clone length in the 3 controls beginning
in late July, 2007 and lasting through early September 2007, when only 0.4 cm of
precipitation was recorded during a six and one-half week period (NOAA website:
http://www.noaa.gov/wx.html). It could be argued that the drought stress increased the
susceptibility of L. clavatum to fire. Possible delayed drought mortality was revealed in
the control where mean clone mortality and length killed were 13% and 35.8% in
October 2007 (1 month after the drought ended) but increased to 43% and 64.2%
respectively in July 2008 (10 months post drought).
H. lucidula was very sensitive to fire, with >95% mortality, but survival of this
species in burned plots was slightly higher than for L. clavatum. Several explanations for
H. lucidula survival in burned plots are possible. First, this species is more erect than L.
clavatum, and therefore its apical buds extended higher above flames, exposing less of its
vegetative organs to fire injury. Second, the erect stems and compact, circular clones
seemed to slough off dried leaves reducing fuel accumulation around the clone. Most of
the surviving plants post-fire were larger and observed growing in small, unburned
patchy areas, further suggesting that clone architecture may affect plant response in firedisturbed areas.
Tessier (2007) found that H. lucidula spread extremely slowly into burned areas
from adjacent undisturbed areas, but the survival of just a small percentage of plants
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would increase their recovery rate, because of their production of bulbils (Figure 10).
Thus, bulbils may be an important means of re-establishing in areas where fire eliminated
the majority of an H. lucidula population, and it would likely take far less time for bulbils
to re-populate disturbed areas than the slow spreading from existing clones as was
documented by Tessier (2007). However, to my knowledge, no studies have addressed
the importance of bulbils in the population dynamics of clubmosses and ferns.
C. trifolia demonstrated the importance of clonal architecture for understanding
the effects of fire. Although C. trifolia has a very shallow rhizome, I did not document
any mortality of clones or existing ramets (nodes). Even though the number of ramets
decreased in the burn treatments, the decline was not significant in comparison to the
control (see Figure 11). Furthermore, new ramet production along the rhizome did not
differ between burn treatments and control. In short, the rhizomes probably did not
experience any significant injury, which is contrary to the predictions of Flinn and Wein
(1977) and the observations of Pratt (2003). Fire, however, did have a negative effect on
leaf number in my study (see Figures 8 and 12). Leaves of C. trifolia normally last about
two years, with the senescence of older leaves being offset by a new flush each year. The
re-growth of leaves after fire requires large amounts of carbohydrates and nutrients
(Jonsdottir and Callaghan 1989), so after complete defoliation C. trifolia may only have
reserves for restoring a portion of its full complement of leaves. The logistic regression
(binary) model (see Figure 11) revealed that only a small fraction of nodes were able to
increase leaf number post-fire. The biggest difference was for nodes with one leaf: in the
control, these nodes increased their leaf number approximately by 50%, but in burn plots
leaf number decreased 30% on average (see Table 7). Another explanation is that the
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number of new leaves is pre-determined by subterranean buds that develop 6-9 months
prior to emergence. Thus, the decline in leaf number in my study may be due to the
limits of the bud bank for any given year.
If fire damages a few ramets in a clone, clonal integration (rhizome connection
between mother and daughter rhizomes) may play a key role in plant survival. Several
studies have also shown that clonal integration compensates for tissue loss thereby
increasing survival of individuals following disturbances (Alpert and Mooney 1986,
Alpert 1999, Drewa et al. 2002, Zhang et al. 2002, Liu et al. 2008). Jonsdottir and
Callaghan (1989) demonstrated that neighboring modules exported photosynthates to
parts of the clone under stress.
The results in this study indicated that C. trifolia was much less sensitive to fire
than indicated by Pratt (2003). The wildfire she studied was undoubtedly more intense
than the experimental burns in this study. Pratt (2003) observed that surviving C. trifolia
occurred only in “pockets of lower fire severity, as indicated by less litter and soil
removal.”
Positive effects of fire
Fire seemed to have a positive effect on the regeneration of some species. Three
of the four non-target species, Dryopteris carthusiana, Gymnocarpium dryopteris, and
Streptopus roseus, all increased following fire. Non-target species with deeply buried
rhizomes (G. dryopteris and S. roseus) had the largest increase in ramet numbers postfire. However, the effects of fire on Trientalis borealis (one of the target species) were
highly variable, but fire did not adversely affect this species, contrary to my hypothesis
and the predictions of Flinn and Wein (1977). Since T. borealis has stolons and tubers
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very close to the surface, these results were unexpected. Surprisingly, fall fires may have
positively affected T. borealis. VanDeMark (2005) also documented survival of T.
borealis following the Porcupine Mountain fire. In my study, the number of ramets of T.
borealis in fall-burned plots doubled post-fire, although ramet numbers also increased by
72.9% in the control plots. Since T. borealis only regenerates from small tubers
established the previous summer (see Figure 3-c), I would predict that in a best-case
scenario this species would never increase more in burned plots than in controls.
However, my results suggest that fire, by removing leaf litter, may increase the likelihood
that trapped ramets of T. borealis under the litter layer will successfully emerge in the
spring. Heavy snows near Lake Superior compact the litter, particularly near ground
level, where trapped moisture binds the leaf layers together. I suspect that failure of
plants to penetrate this compressed mat may be an important limiting factor for T.
borealis and other plants in the hardwood forests. In fact, many studies have documented
the suffocating effects of litter on plants and many of the positive effects of fire on plants
have to do with litter removal (e.g. Curtis and Partch 1950, Glasgow and Matlack 2007).
Species with the ability to regenerate from underground organs usually have a strong
competitive advantage after disturbance over species that regenerate from seed. Flinn
and Wein (1987) found that most rhizomatous species increased their stem density 5-15
times and were more likely to dominate post-fire than those that regenerate from seed,
even after mild disturbance.
Hypothesis 2—Seasonal effects of fire
Contrary to my second hypothesis, none of my target species showed any
significant differences in mortality between burn treatments (fall vs. spring fires).
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Several possible reasons could explain these results. First, soil moisture levels and most
measures of burn intensity were very similar in spring and fall fires in this study.
However, some studies have found that fall fires are more intense due to the typically
drier soils and fuels in that season compared to spring (Drewa et al. 2002, Quesada et al.
2004, Thies et al. 2005). I suspect that in the Upper Peninsula of Michigan, the heavy
snows and their ability to compress the leaf litter and trap moisture may be an important
factor mitigating the adverse effects of spring fires. In my case, the use of mylar plastic
to artificially dry plots may have partially offset differences in soil moisture. In addition,
the litter was so compacted during spring burns that it was difficult to initiate burns and
so it was necessary to add some dry loose leaves on top of the compacted ones to help
initiate flames; otherwise, the spring fires probably would have been patchier and lower
intensity, especially with respect to flame heights.
Secondly, and perhaps a more obvious reason for lack of seasonal differences,
was the nearly complete mortality of all Lycopodium clavatum and Huperzia lucidula
individuals in burned plots. Both species’ rhizomes were equally exposed to fire. Any
possible seasonal differences in fire response as a result of bud exposure were essentially
omitted.
Thirdly, one of the most surprising but interesting observations was T. borealis’
favorable response to burn treatments. While the increase in ramets for this species was
offset by leaf removal, dormant secondary buds had compensated for individual plants
lost during the burns. The compensation of lost individuals may eliminate any seasonal
differences that otherwise would have been detected between burn treatments.
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SUMMARY AND CONCLUSIONS
The response of fire-sensitive species to burn treatments was consistent with those
documented in the primary literature: fire effects on my target and non-target species
depended on rhizome depth, growth rate, and species vegetative habits. For example,
species with shallow rhizomes like C. trifolia, H. lucidula, L. clavatum, and P. pubescens
were fire-sensitive species with higher mortality following burns.
Surprisingly, results for T. borealis were not consistent with the literature.
However, my study used “micro-scale” prescribed burns, which may not mimic the
effects of natural wild fires in the Great Lakes sugar maple mixed northern-hardwoods.
Prescribed burns were conducted on relatively calm, cool days (i.e. not typical burn
weather) due to permit restrictions, and the small plots probably resulted in moderate to
low burn intensity.
One of the major strengths of this study was being able to document the
population of target species through mapping to determine the mechanism of plant
responses as they relate to clonal architecture. For example, Coptis trifolia was adversely
affected by fire, but results suggest that C. trifolia probably only experienced a temporary
loss of leaf production; rhizomes, existing ramets, and new ramet production were
unaffected. Likewise, any injury to T. borealis plants was offset by removal of leaf litter
that appeared to have a smothering effect on the emergence of new ramets from stolons
buried underneath.
Although fall burns tend to be more intense than spring burns, season of burn had
no significant effects on the survival of any of plants studied. T. borealis may have been
slightly harmed by spring fires, because some were already starting to emerge when the
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burn was conducted, but the removal of litter also stimulated new ramet production and
the net effect of fire on this species was actually positive. It is likely that plant response
to season of burns is species specific, depending mainly on each species’ unique
vegetative habits and the timing of fires (Schimmel and Granstrom 1996, Owens et al.
2002, Zhang et al. 2002, Glasgow and Matlack 2007). The recent climatic trends for the
Great Lakes Region suggest warmer and drier springs, which could alter both the fire
regime and plant growth habits (e.g., the timing of leaf emergence). Thus, there is a great
need to study more understory plants and their clonal architecture as it relates to fire
effects.
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Table 1. Target and non-target species and their vegetative characteristics. Mean reproductive tissue depth (n = 30) was determined
from species outside of sampled plots using a 15 cm ruler, by carefully excavating the soil until the rhizome, stolon, or other
perennating organ was exposed and measured. Species nomenclature is currently accepted scientific name from the Integrated
Taxonomic Information System (ITIS) report database system online at http://www.itis.gov/index.html.
Species
nomenclature

Root characteristics

Coptis trifolia (L.) Salib

shallow rhizome

Description
small perennial
evergreen herb

Mean reproductive
tissue depth (cm)

SD

0.72

± 0.42

Dryopteris carthusiana
(Vill.) H.P. Fuchs
Gymnocarpium
dryopteris (L.) Newman

stout rhizomes

spreading perennial

2.05

± 0.65

long creeping dark
rhizome

perennial

2.88

± 1.95

Huperzia lucidula
(Michx) Trevisan

erect and creeping
stems above ground

perennial evergreen
herb

0.00

± 0.00

Lycopodium clavatum L.

perennial evergreen
low creeping stems
grows along the ground herb

0.00

± 0.00

Polygonatum pubescens
(Willd.) Pursh

rhizomes

perennial

0.40

± 0.36

Streptopus roseus var.
roseus Michx

dividing rhizomes,
tubers, corms or bulbs

perennial

1.00

± 0.83

Trientalis borealis Raf.

stolons in leaf litter

low perennial

0.36

± 0.35
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Table 2. Meteorological readings (Temp = temperature; RH = relative humidity; WDIR = wind direction; WSPD = wind speed; GST
= gust speed; ASR = average soil moisture reading in percent volume water content; FV = flame velocity; EST = eastern standard
time; EDT = eastern daylight time) of weather conditions for Big Bay, MI from the National Oceanic and Atmospheric Administration
(NOAA) Historical Data and Climatic Summaries archive, station BIGM4, during fall and spring prescribed burns.

Date
Fall
29-Oct-07
Spring
10-May-08
14-May-08

Time burned

Temp (C°)

RH

WDIR

WSPD (km/h)

GST (km/h)

ASR (VWC%)

FV (m/s)

2:10-6:00 EST

9-14.3

66

SW-NW

3.60-17.64

11.5-31.3

8.30

0.0130

5:30-8:10 EDT
12:03-3:40 EDT

6.2-13
5.3-6.4

39
55

N
NW

0.36-12.24
8.28-25.92

5.04-20.2
28.4-42.8

9.08
9.67

0.0082
0.0239
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Table 3. Average (n = 10) soil moisture reading (ASR) in percent volume water content (VWC%) and flame velocity (m/s) per block
for treatment groups (fall and spring burns). Flame velocity was determined from the burn time at the start of the fire that burned into
the plot until 90% of the plot had burned (PB). Percent plot burned was estimated from the portion of the sampled area that was
consumed by the fire during the period of timing (minutes to the nearest second).
Fall burn (2007)
Species

Block

ASR (%)

FV (m/s)

Spring burn (2008)
PB (%)

ASR (%)

FV (m/s)

PB (%)

C. trifolia
1
9.2
0.023
100
10.9
0.028
95
C. trifolia
2
7.8
0.019
100
9.2
0.028
98
C. trifolia
3
7.2
0.022
100
8.6
0.019
99
H. lucidula
1
9.4
0.018
100
9.5
0.028
98
H. lucidula
2
7.5
0.019
100
9.6
0.019
90
H. lucidula
3
8.8
0.013
100
10.2
0.021
98
L. clavatum
1
8.3
0.009
100
7.9
0.012
95
L. clavatum
2
8.5
0.007
100
10
0.005
90
L. clavatum
3
8.1
0.009
100
9
0.014
90
T. borealis
1
9.1
0.008
100
8.8
0.008
95
T. borealis
2
8
0.007
100
9.5
0.005
98
T. borealis
3
8.1
0.006
100
9.3
0.006
99
∑mean values
//////////
*8.3
0.013
100
*9.4
0.016
95.4
An asterisk (*) signifies significant results for the Paired t-tests. There was no significant difference
between seasons for flame velocity.
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Table 4. Equations used to calculate species percent mortality and percent change (∆) for
dependent variables tested. All equations are expressed as a percentage in the results.
Species

Y-variable/s

Equation for calculation

C. trifolia
∆ leaves
ramet mortality
new ramets
H. lucidula
clone mortality
L. clavatum
clone mortality
clone length mortality
T. borealis
∆ ramets
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Table 5. Tests of between-subjects effects and multiple comparisons (post hoc tests) for target species. Dunnett’s two-tail test was
used for multiple comparisons between the control and burn treatments. Tukey’s test was used for all pairwise comparisons. An
asterisk indicates significant comparisons (P ≤ 0.05) (*).
Overall ANOVA
Species
C. trifolia
-∆ leaves
-ramet mortality
-new ramets
H. lucidula
- clone mortality
L. clavatum
-clone mortality
-length mortality
T. borealis
- ∆ ramets

Post hoc comparison

F

df

P

Observed
power (%)

Dunnett's

9.410
5.153
2.373

2, 4
2, 4
2, 4

0.031
0.078
0.209

72.9
48
25.3

C-F*
-

C-S*
-

C-F*
-

C-S*
-

F-S
-

44.850

2, 4

0.002

100

C-F*

C-S*

C-F*

C-S*

F-S

25.000
128.029

2, 4
2, 4

0.005
0.001

98.4
100

C-F*
C-F*

C-S*
C-S*

C-F*
C-F*

C-S*
C-S*

F-S
F-S

2.189

2, 4

0.228

23.7

-

-

-

-

-
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Tukey's

Table 6. Mean post-fire density of Huperzia lucidula bulbils in control and burned plots,
2007-2008.
Treatment
Control
Fall 07
Spring 08

no. of plots
3
3
3

bulbils/m2
3.31
1.46
0.48

SD
3.54
0.85
0.36
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min.
0.75
0.50
0.19

max.
7.25
2.13
0.88

Table 7. Transition matrix for Coptis trifolia between initial (2007) number of leaves per
node and final (2008) leaf number for the control (A) and burned treatments (B). Values
are the % of total nodes that displayed a given transition. Initial leaf numbers range from
1-5; n is the total number of nodes with a given number of initial leaves. Modal
transitions in the matrix are bold faced.
A. control
Final no.
0
1
2
3
4
5
6
n
mode
mean
% change

B. burn treat.
Final no.
0
1
2
3
4
5
6
n
mode
mean
% change

1
27.7
22.6
32.1
11.3
3.8
1.3
1.3
159
2
1.5
49.7

1
54.2
27.8
15.1
2.1
0.7
0.1
0.0
958
0
0.68
-32.3

Initial leaf number per node
2
3
4
14.5
21.0
39.5
16.5
6.5
1.5
0.5
200
2
1.9
-7.0

6.7
13.3
30.0
23.3
10.0
13.3
3.3
30
2
2.7
-32.5

50.0
0.0
0.0
0.0
25.0
0.0
25.0
4
0
2.5
-50.0

Initial leaf number per node
2
3
4

5

36.7
29.9
28.5
4.2
0.8
0.0
0.0
780
0
1.03
-48.7
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17.3
9.6
35.6
26.0
9.6
1.9
0.0
104
2
2.1
-31.1

5

30.3
23.5
34.4
11.3
0.5
0.0
0.0
221
2
1.28
-57.3

48.5
24.2
21.2
6.1
0.0
0.0
0.0
33
0
0.85
-78.8

16.7
33.3
16.7
33.3
0.0
0.0
0.0
6
1, 3
1.67
-66.7

Table 8. Binary logistic regression test results for the predicted increase in leaf numbers
for C. trifolia between treatment groups from 2007-2008. The overall omnibus tests of
model coefficients was significant for treatments (χ2 = 250.738; df = 3; P < 0.001) and the
reported Nagelkerke R2 for the model was 12.9%.
Treatment combination
Control vs. burn treatments
Burn treatments

Wald χ2
101.78
1.06

df
1
1
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P
0.001
0.304

Table 9. Spearman Rank Correlation coefficients (r) for the association between plant response (see Table 3) and various measures of
fire intensity. Fall and spring burn data was combined for the correlation analysis, so sample size equaled six. Flame velocity was
computed as the distance across the plot divided by the total burn time (until 90% of plot was burned). Char height was the average
height of any visible charcoal on 3 wooden stakes (see Figure 6). Flame height was based on the average maximum height where
autoclave tape changed from white to black (at 120oC) on the 3 wooden stakes. Maximum flame height was based on the highest
point an indicator on the autoclave tape (x/33) changed from white at room temperature to black (120oC) on a stake (n = 3) that was
greater than the char height recorded. Charred grade was ranked on a scale from 0 to 3: 0 = no burn, 1 = slightly charred, 2 =
moderately charred, 3 = charred.

Species

Abundance variable

Flame velocity (m/s)

Char height (cm)

Flame height (cm)

Charred grade

C. trifolia

% change in leaves

-0.618

-0.257

-0.657

-0.265

H. lucidula

% mortality

-0.203

0.6

0.6

0.618

L. clavatum

% mortality

0.664

-0.393

-0.131

0.139

T. borealis
% change in ramets
0.088
**0.943
0.371
0.679
**The double asterisk indicates significance at the 0.01 level for correlations. All other correlations were statistically non-significant
(p > 0.05).
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P1
(C)
1-2m
1-2m
1-2m

P3
(C)

P3
(F07)

P1
(Sp08)

1-2m

P2
(F07)

P2
(Sp08)
Block 1

Block 3

P2
(C)

1-2m

P3
(Sp08)

1-2m

P1
(F07)

Block 2
Figure 1. Experimental layout showing plots location and treatment assignment in a
randomized block (RB) ANOVA design. Each block represented a different population
for target species. This layout was replicated 3 times for each target species. Species
were surveyed in each block using a 2-m x 2-m, 4-m x 4-m, and 5-m x 5-m quadrats.
Prescribed burning was conducted during the fall (F), and spring (S). Treatment for
control (C) plots was unburned.
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Figure 2. PVC quadrat and attached strings to delimit gridded cells for mapping target
species pre-fire (2007) and post-fire (2008), Big Bay, Michigan. Grid cells were either
0.25 x 0.25-m or 0.5 x 0.5-m, depending on the species.
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clone
top view

Buried ramet base
or rhizome?
side view
roots

roots

evergreen

above ground stem

(b) Huperzia lucidula

(a) Lycopodium clavatum

clone
current year’s
ramet

tuber

leaves/node
=ramet

next year’s
ramet

root

leaf

stolons
node

(c) Trientalis borealis

rhizome

roots

(d) Coptis trifolia

Figure 3. Diagram of vegetative growth habits and morphology of target species. See glossary in Appendix D for definition of plant
structures.
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Figure 4. Burned plots were dried one week prior to prescribe burning by suspending
transparent mylar plastic over the plots to help block rainfall and dry plots.
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Figure 5. The perimeter of each treatment plot was trenched to minimize the influence of
outside clones in census area. Before plots were burned, a 1.5-2 m wide buffer zone was
raked clean to prevent the risk of fire from spreading beyond the burn boundary. The
head fire began at the asterisk outside the plot to minimize edge effects.
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(B) After

(A) Before

Figure 6. Fire intensity monitoring stake showing recorded flame height from change of color on autoclave tape (i.e. from white to
black). Three stakes were used per plot to monitor fire intensity of burned plots during prescribed burning.
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120

b

100

% mortality

b

b

a

80

60

b

a

individual clones killed
clone killed by length

40

20

0
Control

Fall burn 07

Spring burn 08

Treatments

Figure 7. Mean percent mortality (± SE) of L. clavatum individual clones and total
length (cm) killed in control and burned plots (fall burn 07 and spring burn 08) post-fire
2008. Total clone lengths (L) alive in pre-fire treatment plots were c = 9 m; F 07 = 8.04
m; S 08 = 7.23 m and total individual (n) clones alive were c = 8; F 07 = 7; S 08 = 9 for
2007. Treatment groups with different letters (a, b) were significantly different (P ≤
0.05) in post-hoc tests; groups that had similar letters were not statistically significant.
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% change

140
120
100
80
60
40
20
0
-20
-40
-60
-80
-100

a
a
a
a
Control
Fall burn 07
Spring burn 08

a
b

b

a
b

b

b

b

-120
-140
C. trifolia

H. lucidula

L. clavatum

T. borealis

Target Species

Figure 8. Mean percent change (± SE) for target species in control and treatment plots,
post-fire 2008. For C. trifolia, and T. borealis the mean percent change was based on the
number of leaves/node and the number of individual ramets killed, respectively, while the
mean percent change for L. clavatum and H. lucidula was based on percent clone
mortality. Treatment groups with different letters (a, b) were significantly different (P ≤
0.05) from each other based on post-hoc testing (see Table 5).

50

100
90

% drought mortality

80
70
60

a

a

50
individual clones killed
clone killed by length

40
30

a
a

20

a
a

10
0
Control

Fall burn 07

Spring burn 08

Treatments

Figure 9. Mean percent drought mortality (± SE) of L. clavatum individual clones and
total length (cm) killed in control and burned plots (fall burn 07 and spring burn 08) postfire 2008. Total clone lengths (L) alive in pre-fire treatment plots were c = 9 m; F 07 =
8.04 m; S 08 = 7.23 m and total individual (n) clones alive were c = 8; F 07 = 7; S 08 = 9,
summer 2007. Treatment groups with the same letter were not significantly different (P
> 0.05) based on post-hoc testing.
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Figure 10. H. lucidula 1st year shoot from a bulbil in control and burned plots, 2008.
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(a) 100

% mortality (ramet)

90
80
70
60

a

50
40
30

a

a

20
10
0

(b)

100
80
60

% ∆ leaves

40
20

a

0
-20
-40

b

b

a

a

Fall burn 07

Spring burn 08

-60
-80
-100

% new ramets

(c) 100
90
80
70
60
50
40
30
20

a

10
0
Control

Treatment

Figure 11. Mean response of C. trifolia (± SE) to fire based on different measurements:
(a) percent mortality of ramets, (b) change in total leaf number per plot, and (c) percent
new ramets added (see Table 4 for equations of each Y-variable). Treatment groups with
different letters were significantly different (P ≤ 0.05) based on post-hoc tests.
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C
Y-axis reference line
n.s.

S 08
F 07
p= 0.001

Fi
gure 12. Binary Logistic model showing the probability of a node increasing in leaf
number as a function of initial (pre-fire) number of leaves/node for treatment (C =
control) and burned plots (F 07 = fall burn and S 08 = spring burn). The control was
significantly different when compared to the burn treatments, but there was no significant
difference (n.s.) between burn seasons (see Table 8). Points above or below the y-axis
reference line (0.50) indicate a 50% predicted probability that an initial ramet will
increase or decrease in number during the next growing season.

54

500

252

400

% change

300

200

142

100

0

25
12 22

Control plots
Treatment plots

79
49
111

-100
D. carthusiana G. dryopteris P. pubescens

S. roseus

Non-target species

Figure 13. Percent change in number of ramets of non-target species in control and
burned plots 2007 and 2008. The percent change for non-target species in burned plots
used pooled data from both fall 07 and spring 08 burns. For D. carthusiana a cluster of
fronds emanating from the same “crown” was considered a ramet. Numbers above the
bars are the total pre-fire sample sizes.
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APPENDIX A

SITE VARIATION AND LEVEL OF FIRE INTENSITY FOR PLOTS SAMPLED. READINGS ARE THE AVERAGE OF 3
REPLICATES. VWC% IS THE VOLUME WATER CONTENT PERCENT FOR THE AVERAGE SOIL MOISTURE READING
(ASR) BETWEEN BURN PLOTS; AUTP IN CM IS THE AUTOCLAVE TAPE INDICATOR READING FOR FLAME HEIGHT
IN CENTIMETERS (CM) AND FV IS THE FLAME VELOCITY IN METERS PER SECOND (m/s).

Species
Fall 07
C. trifolia
H. lucidula
L. clavatum
T. borealis
Spring 08
C. trifolia
H. lucidula
L. clavatum
T. borealis

flame height
% solar
transmission (char in cm)

ASR
(VWC %)

% canopy
openness

8.1
8.4
8.3
8.4

8.3
8.3
8.6
8.5

13.4
14.3
15.8
15.6

9.6
9.8
9.0
9.2

8.2
8.0
8.9
8.5

12.7
12.9
14.6
17.2

flame height
(AuTp in cm)

FV (m/s)

%
burned

14.6
12.5
14.7
16.5

18.3
17.1
15.7
23.0

0.021
0.017
0.011
0.007

100
100
100
100

9.2
7.1
6.8
4.1

12.1
10.0
10.3
6.0

0.025
0.023
0.010
0.006

97.3
95.3
91.7
97.3
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APPENDIX B

GPS COORDINATES OF STUDY PLOTS (NAD 83 ZONE 16N) NEAR BIG BAY, MICHIGAN. PERCENT CANOPY COVER WAS
CALCULATED FROM HEMISPHERICAL PHOTO ANALYSIS (SEE METHODS) PERCENT CANOPY OPENNESS. THE
COMPASS BEARING SHOWS THE DIRECTION DATA WAS COLLECTED TO MAP AND COUNT SPECIES (SEE APPENDIX
C). DATES ARE START SAMPLING DATE FOR EACH SPECIES.

Date

Species

7/14/2007
7/14/2007
7/17/2007
7/6/2007
6/29/2007
7/1/2007
7/10/2007
7/10/2007
7/8/2007
6/9/2007
6/9/2007
6/10/2007
8/11/2007
8/14/2007
8/11/2007

C. trifolia
C. trifolia
C. trifolia
C. trifolia
C. trifolia
C. trifolia
C. trifolia
C. trifolia
C. trifolia
H. lucidula
H. lucidula
H. lucidula
H. lucidula
H. lucidula
H. lucidula

Block #
1
1
1
2
2
2
3
3
3
1
1
1
2
2
2

Plot #
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

Trmt.
Spring 08
Fall 07
Control
Spring 08
Control
Fall 07
Fall 07
Spring 08
Control
Fall 07
Spring 08
Control
Fall 07
Control
Spring 08

Compass
bearing
X-coordinates
41
47
54
55
35
47
39
40
50
0
0
0
45
50
50
57

16 T 0442549
16 T 0442562
16 T 0442563
16 T 0442568
16 T 0442571
16 T 0442566
16 T 0442574
16 T 0442578
16 T 0442571
16 T 0442760
16 T 0442760
16 T 0442757
16 T 0442126
16 T 0442137
16 T 0442114

Y-coordinates

% canopy
cover

UTM 5186850
UTM 5186857
UTM 5186868
UTM 5186886
UTM 5186880
UTM 5186897
UTM 5186897
UTM 5186884
UTM 5186885
UTM 5187063
UTM 5187062
UTM 5187067
UTM 5186607
UTM 5186590
UTM 5186603

92.4
92.6
91.8
91.7
92.2
91.7
90.7
90.8
90.8
91.4
91.2
91.0
92.0
92.5
92.0

Date
7/22/2007
8/7/2007
8/7/2007
8/14/2007
8/12/2007
8/12/2007
8/18/2007
8/18/2007
8/18/2007
8/21/2007
8/21/2007
8/24/2007
6/10/2007
6/23/2007
6/23/2007
6/23/2007
6/23/2007
6/24/2007
6/24/2007
6/24/2007
6/24/2007

Species
H. lucidula
H. lucidula
H. lucidula
L. clavatum
L. clavatum
L. clavatum
L. clavatum
L. clavatum
L. clavatum
L. clavatum
L. clavatum
L. clavatum
T. borealis
T. borealis
T. borealis
T. borealis
T. borealis
T. borealis
T. borealis
T. borealis
T. borealis

Block #
3
3
3
1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3
3

Plot #
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

Trmt.
Spring 08
Fall 07
Control
Control
Fall 07
Spring 08
Control
Spring 08
Fall 07
Fall 07
Spring 08
Control
Fall 07
Control
Spring 08
Fall 07
Control
Spring 08
Control
Spring 08
Fall 07

Compass
bearing
56
35
45
45
50
50
50
45
40
65
51
45
0
0
0
330
309
326
0
5
4
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X-coordinates
16 T 0442060
16 T 0442057
16 T 0442070
16 T 0442143
16 T 0442152
16 T 0442149
16 T 0442662
16 T 0442659
16 T 0442659
16 T 0442602
16 T 0442604
16 T 0442595
16 T 0442730
16 T 0442740
16 T 0442732
16 T 0442679
16 T 0442677
16 T 0442666
16 T 0442635
16 T 0442639
16 T 0442644

Y-coordinates
UTM 5186620
UTM 5186626
UTM 5186627
UTM 5186472
UTM 5186464
UTM 5186470
UTM 5186980
UTM 5186992
UTM 5186995
UTM 5187008
UTM 5187013
UTM 5187019
UTM 5187052
UTM 5187061
UTM 5187062
UTM 5187004
UTM 5187006
UTM 5186997
UTM 5187076
UTM 5187066
UTM 5187068

% canopy
cover
92.1
92.0
91.7
92.0
91.5
92.2
92.1
92.6
90.9
91.3
90.8
89.8
92.0
91.3
92.1
91.4
91.4
91.0
91.1
91.5
90.5

APPENDIX C

A SAMPLE OF A GRIDDED MAP (5-M X 5-M) THAT WAS USED TO SKETCH
THE LOCATION AND RECORD THE NUMBERS OF TARGET SPECIES PRESENT
IN PLOTS. THE VALUES ON THE DATA SHEET CORRESPOND TO GRID CELLS
FROM QUADRAT PLOTS. THE GRID CELLS WERE DELIMITED BY STRINGS
ATTACHED TO SCREWS AT EVENLY SPACED INTERVALS 0.25-M AND 0.5-M
ALONG PVC PIPES.

65° NE
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APPENDIX D

GLOSSARY OF RELEVANT TERMS (N.B. THE DEFINITION FOR GLOSSARY
TERMS BELOW QUOTED DIRECTLY FROM WEBSITES IS IN PARENTHESES
AFTER THE DEFINITION).

Backfire: Fire that is moving into the wind
(http://www.nps.gov/archive/seki/fire/fire_gloss.htm).
Bulb: a resting stage of a plant (as the lily, onion, hyacinth, or tulip) that is usually
formed underground and consists of a short stem base bearing one or more buds
enclosed in overlapping membranous or fleshy leaves (http://www.merriamwebster.com/dictionary).
Bulbils (bulblet): an aerial deciduous bud produced in a leaf axil or replacing the flowers
and capable when separated of producing a new plant (http://www.merriamwebster.com/dictionary).
Corms: a rounded thick modified underground stem base bearing membranous or scaly
leaves and buds and acting as a vegetative reproductive structure
(http://www.merriam-webster.com/dictionary).
Clone: the aggregate of genetically identical cells or organisms asexually produced by a
single progenitor cell or organism (http://www.merriam-webster.com/dictionary).
Dormant season fires: fire that occurs during plant dormant season, this type of fire is
associated with fall fires.
Dummy variables: uses dichotomous variables usually indicated by a 0 or 1, a command
is assigned for each values in the equation for the modal e.g. 0 = absent and 1 =
present.
Fire buffer zone: a buffer zone created to prevent fire from spreading out of control,
usually this requires the removal of leaves and other debris around the perimeter
of the area to be burned.
Fire intensity: Energy release per unit length of flame front
(http://www.nps.gov/archive/seki/fire/fire_gloss.htm).
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Fire return interval: The number of years between two successive fire events at a
specific site or an area of a specified size
(http://www.nps.gov/archive/seki/fire/fire_gloss.htm).
Fire regime: The combination of fire frequency, predictability, intensity, seasonality, and
size characteristics of fire in a particular ecosystem
(http://www.nps.gov/archive/seki/fire/fire_gloss.htm)
Fire-sensitive species: species susceptible to fire, even low intensity ones.
Genet (in flora terms): a parental plant that give rise to a ramet.
Growing season fires: fire that occurs during plant growing season, this type of fire is
associated with spring fires.
Head fire: Fire that is moving with the wind
(http://www.nps.gov/archive/seki/fire/fire_gloss.htm).
Lignified: cells or tissues that become harden by the addition of lignin to the secondary
cell walls.
Node: a point at which subsidiary parts originate or center, also the point on a stem at
which a leaf or leaves are inserted (http://www.merriam-webster.com/dictionary).
Non-target species: species found in plots where target species were located that was of
some interest but was not a part of the experimental design.
Perennating organ: that part of an herbaceous perennial that allows it to survive the
winter; usually an underground organ such as a root, tuber, rhizome, bulb, or
corm.
Perennial: persisting for several years usually with new herbaceous growth from a
perennating part <perennial asters> (http://www.merriamwebster.com/dictionary).
Prescribed fire: (also called prescribed or controlled burn) A fire ignited under
known conditions of fuel, weather, and topography to achieve specific objectives
(http://www.nps.gov/archive/seki/fire/fire_gloss.htm).
Ramet: an independent member of a clone (http://www.merriamwebster.com/dictionary).
Rhizome: a somewhat elongate usually horizontal subterranean plant stem that is often
thickened by deposits of reserve food material, produces shoots above and roots
below, and is distinguished from a true root in possessing buds, nodes, and
usually scalelike leaves (http://www.merriam-webster.com/dictionary).
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Semi-evergreen: having functional and persistent foliage during part of the winter or dry
season (http://www.merriam-webster.com/dictionary).
Stolon: a horizontal branch from the base of a plant that produces new plants from buds
at its tip or nodes (as in the strawberry) —called also runner
(http://www.merriam-webster.com/dictionary).
Surface fire (ground fire): A fire burning along the surface without significant
movement into the understory or overstory, with flame length usually below 1 m.
(http://www.nps.gov/archive/seki/fire/fire_gloss.htm).
Target species: species of interest
Tuber: a short fleshy usually underground stem bearing minute scale leaves each of
which bears a bud in its axil and is potentially able to produce a new plant
(http://www.merriam-webster.com/dictionary).
Vegetative tissue: plant tissue that reproduces asexually via propagation from
perennating organs.
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